strength of this alloy which is more attractive than the 1.3 wt. % Licontaining alloy from a density point of view.
In such complex alloys, several metastable phases precipitate during aging.
The crystallographic characteristics of these precipitates and the relationships they bear with the matrix are reviewed in the next section to provide the background for understanding the results obtained in this study.
PRECIPITATE CHARACTERISTICS IN THE
AI-Cu-Li-Ag-Mg-Zr SYSTEM (100) and (110). This is seen clearly in Figure 2 where the zone axis is horizontal line as the matrix spots. It must be noted that AI3Zr exhibits the same spot pattern as 5' and intensity effects are needed to discriminate between the two precipitates.
The e' precipitates occur as disks lying on the {100} matrix planes. These are semi-coherent with the matrix. Since they lie on three orthogonal cube axis, for a [100] matrix zone axes, e' manifests itself as vertical and horizontal streaks, for the two variants lying parallel to the beam direction with intensity maxima and double diffraction occurring as shown in Figure 2 . The third variant lies normal to the beam direction and diffraction spots rather than streaks are generated that are coincident with the matrix and some of the 5' spots. For a [110] zone axis, e' streaks are seen as the short diagonal of the rhombus described by four adjacent AI spots. Likewise, for a [112] matrix zone axis, the corresponding pattern due to e' was generated by Kang and Grant (12) and is reproduced in Figure 2 . Here the effect of double diffraction has not been included to retain clarity. In this case, the e' spots lie in vertical columns midway between the columns of matrix spots and form horizontal rows of spots that alternate between matrix-and e'-type. The GP1 zones and e" precursors to the e' precipitates manifests themselves as more diffuse but continuous streaks in the <001> directions, with e" showing well defined intersection maxima at {100} matrix spots.
In AI-Cu-Li alloys, particularly 2090 and Weldalite TM 049*, the major strengthening phase is reported to be the T1 phase. There are four variants of the T1 phase and for an SAD pattern with a [100] matrix zone axis, these four variants produce four spots that are symmetrically distributed about the intersection of the diagonals of a square described by connecting the four adjacent matrix spots and lying on the diagonals (Figure 2 ). When the zone axis is matrix [110] , then two variants of T1 are inclined to the zone axis, and produce spots that lie along the long diagonal of the rhombus described by four adjacent matrix spots while the other two variants are parallel to the zone axis (the normal to the precipitate plane is normal to the zone axis) and produce streaks that form the sides of the rhombus just described.
The electron diffraction pattern resulting from zone axis Z = [112] is shown in Figure 2 . In this case, the four variants of T1 produce spots and streaks. In this orientation, one variant of T1 is normal to Z, the second is 19.5°from Z (i.e. angle included by Z and precipitate normal) and the third and fourth are 61.9°from Z. Thus, the first two variants are nearly parallel to the foil surface whereas the last two are fairly steeply inclined to it. Thus, in the diffraction pattern, spots, elongated spots and steaks are all seen making up the four variants.
The two variants 61.9°away from Z produce similar elongated spots while the variant normal to Z produces the steaks.
The _ phase (19), which is thought to be related to the equilibrium e phase (AI2Cu) and responsible for the unusually high strengths in non-lithium containing AI-Cu-Ag-Mg alloys, has an orthorhombic crystal structure (20-22) although, previously, Kerry & Scott (23) incorrectly ascribed a hexagonal structure to it based on SAD patterns.
It was believed that the addition of trace amounts of Ag and Mg were together responsible for the formation of the _ phase either directly or indirectly (22).
Recently, however, a silver-free AI-Cu-Mg alloy was shown to contain small amounts of the _ phase although adding trace amounts of Ag to it enhanced the amount of this phase (24). Two recent studies have attempted to identify the composition of the _ phase (22,25) although there is no agreement in results.
A comparison of the SAD patterns for T1 and _ using [100], [110] and [112] matrix zone axis reveals only subtle differences that are difficult to discern when these precipitates are very thin due to streaking.
In AI-Cu-Li-Ag-Mg alloys, as is the case in the present study, it becomes difficult to distinguish between the two if both indeed co-exist.
It is conceivable that these two phases exhibit a mutual solid solution behavior and are indistinguishable from each 62 other.
However, the high resolution work described in the next section indicates that £_ is not present in Weldalite TM 049 under the conditions investigated. (110) and (110) and occasionally parallel to (100) and (010) 
EXPERIMENTALPROCEDURE
An extrusion of an aluminum alloy, 9.5mm x 102mm in cross section, and of composition, 5.4Cu-1.64Li-0.4Ag-0.4Mg-0.16Zr (wt%), was solutionized at 493°C(766K) for lh and water quenched to ambient temperature.
A section of the extrusion was stretched 3% within l h after quenching.
The stretched and unstretched materials were allowed to naturally age at room temperature for >1000h to obtain the T3 and T4 conditions, respectively.
The artificial aging response was monitored using Rockwell B hardness measurements.
The stretched material was aged at 160°C(433K) whereas the unstretched material was aged at 180°C(453K).
Specimens were selected along the aging curves for microstructural examination in the transmission electron microscope (TEM).
Specimens for microstructural examination were sliced from the extrusions and mechanically ground to the desired thickness.
These were then twin jet electropolished to perforation at -30°C(243K) and 12-15 volts in a solution of 25% HN03 in methanol.
After polishing, the specimens were dipped in a solution of 50% HN03 in H20 to remove any Ag which may have redeposited from the electrolyte.
Bright field (BF), selected area diffraction (SAD) and centered dark field (CDF) imaging were used to follow the microstructural evolution during aging.
RESULTS AND DISCUSSION

Hardness Versus Aging Time
The unstretched material exhibits a stronger natural aging response compared to the stretched material, (RB 80 vs RB 68 after >1000h), Figure 1 . Artificial aging was performed at 160°C(433K) for the stretched material and at 180°C(453K) for the unstretched condition. The open and full circles along the aging curves indicate the locations from where specimens were taken for microstructural analysis.
In both instances, a reversion is observed with an appreciable decrease in hardness.
This reversion is typically observed after approximately 15 minutes at temperature with the depth of the "reversion trough" being considerably greater for the unstretched material. Further aging causes an increase in hardness with a peak being observed, for both the stretched and unstretched material after
40-50h
of artificial aging at the respective temperatures.
For longer times at each aging temperature (~200h), the hardness decrease is minimal, Figure  1 . Figure  5a is shown in Figure 5b . Figure 6b . The two sets of spots lie on the long diagonal of this rhombus at one third and two thirds of this diagonal (see Figure 6b and compare with Figure 2 Figure 6b shows the fine T1 platelets in Figure 6c . The edge-on variant at the sub-boundaries and in the matrix is shown in figure 6d and at this stage of aging T1 has precipitated within the matrix causing a sub-boundary precipitate free zone. diagonals respectively of the rhombus described using four adjacent matrix spots) confirms the presence of S' and e' while the bright spot at the intersection of the two streaks verifies the existence of 8'. A bright field image (Figure 7b ) located adjacent to a sub boundary reveals the presence of T1, in the matrix, at the sub-boundaries and in the regions which previously appeared to be precipitate free zones (Figure 6d ). Thus, it appears that in the unstretched material, T1 precipitation commences at the sub-boundaries, then occurs within the subgrains, creating a subgrain precipitate free-zone which fills out fairly homogeneously with further aging. This whole sequence occurs within the first 12h of artificial aging, which still lies well within the underaged regime (RB --83), since near-peak aging requires~34h at 180°C (RB = 88).
A bright field reference, the associated SAD pattern taken with a [110]AI zone axis and dark field images of 8', e', one variant of T1 and S' are shown in Figures 8a-f . The SAD pattern in Figure 8b reveals the four T1 variants, 8', streaking in the [110] orientation associated with S' and streaking in the [100] direction associated with e'. The SAD pattern was intentionally oriented so as to maximize e' and S' streak intensities.
A dark field image of the 8' precipitates reveals some unusual features, Figure 8c . These 8' precipitates are ellipsoidal in shape rather than spherical and appear to have a thin line of extinction running along the major axis of the ellipse (see inset in Figure 8b ). If this figure is superimposed on Figure 8c , which is a dark field image of e', it is found that the e' precipitates fit quite well along the major axis of several of the 8' precipitates in Figure 8b suggesting 8' precipitation on e'. The S' precipitates ( Figure 8f ) appear to be fairly uniformly distributed in this unstretched material which is unusual considering a recent study (30) on AI-Li-Cu-Mg alloys that shows that the stretching operation prior to aging is essential to obtain a uniform distribution of the S' phase.
A region adjacent to sub-boundaries after 12h aging at 180°C(453K) (Figure 9a ) reaveals that the sub-boundaries contain the T1 phase as does the matrix. In addition to the two-edge-on variants of T1 in Figure 9a This may suggest the heterogeneous precipitation of T1 and S' at the AI3Zr/AI3Li/o_-matrix interfaces. It is possible that the precipitation of AI3Li causes a local enrichment of Cu and Mg, allowing the formation of S' and to a lesser extent T1 at these interfaces.
Overaging the unstretched material for 48h at 180°C(453K) results in a significant decrease in intensity of the 8' superlattice spots ( Figure  10a ) located at the center of each rhombus described by joining four adjacent matrix spots in an SAD pattern generated using a
[110]m zone axis. An enlargement of a portion of the SAD pattern is also shown in Figure  10a confirms the existence of the S' phase. If e' is present it is only in very small amounts, as any streaking in the [100] orientation is extremely weak in intensity.
In summary, for the unstretched material, naturally aged strength results from fine 8', GP zones, and probably solid solution strengthening.
Upon artificial aging at 180°C(453K), the GP zones dissolve as do some of the 8' precipitates causing a reversion associated with a decrease in hardness. Additional exposure to the artificial aging temperature results in the precipitation of T1, initially at sub-boundaries, then in the interior of the subgrains.
In addition, S', e' and more 8' precipitate.
Extensive over-aging appears to cause 5' and 9' to redissolve leaving predominantly T1, and some S' precipitates, in the matrix.
4.4
Microstructure of the Artificially-Aged Stretched Material
It was shown in Figure 3b that natural aging of the stretched material results in strengthening predominantly from 5'; the formation of GP zones appears to be inhibited by the prior stretch. Figure  13d with Figure 13c , although the e' streaks in the [100]AI directions continue to remain weak.
In the peak-aged condition of 34h at 160°C(433K), T1,5' and e' were observed using a
[100]AI zone axis to obtain the SAD pattern in Figure 14a . The intensity of spots and streaks related to e' remain weak up to the peak-aged condition signifying that the prior stretch discourages e' formation. This is unusual in high Cu-containing AI alloys and possibly arises from competitive nucleation and growth between T1 and e'; in this instance it appears that T1 is the favored phase. In the overaged condition e' was not detected and the intensity of 5' spots is low suggesting redissolution of 5', possibly related to the dissolution of e'. Finally, the phases found at the various stages of aging after stretching are compared with those found without stretch in Table 15 . 
